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We report an experimental noise study of intermediate sized quasi ballistic semiconducting multiwalled 
carbon nanotube (IS-MWCNT) devices. The noise is two orders of magnitude lower than in singlewalled 
nanotubes (SWCNTs) and has no length dependence within the studied range. In these channel limited de-
vices with small or negligible Schottky barriers the noise is shown to originate from the intrinsic potential 
fluctuations of charge traps in the gate dielectric. The gate dependence of normalized noise can be ex-
plained better using ballistic the charge noise model rather than diffusive McWhorter’s model. The results 
indicate that the noise properties of IS-MWCNTs are closer to SWCNTs than thicker MWCNTs. These re-
sults can be utilized in future to analyze noise in other purely ballistic nanoscale devices. 
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 1. INTRODUCTION 
Singlewalled carbon nanotube (SWCNT) transistors working in the ballistic regime have generated 
considerable interest as building blocks of various nanoelectronic applications and sensors. However the 
performance limits for such nanoscale devices are set by their inherent low frequency noise. Though 
the low frequency noise characteristics in semiconducting ballistic SWCNT-FETs have been stud-
ied in detail by several groups [1-4], the studies have mostly been plagued by considerable 
Schottky barriers at the contact. No low frequency noise study was however forthcoming in channel-
limited ballistic devices for SWCNTs. Such noise studies in channel limited devices can neverthe-
less be made in large diameter multiwalled CNTs owing to negligible Schottky barriers at the con-
tacts. However, band gap in CNTs being inversely proportional to tube’s diameter [5] (Eg = α/d, α 
≈ 0.7 eV nm), large diameter (> 10 nm) MWCNTs are predominantly metallic. That expression, 
though, is a crude estimate which gives the right order of magnitude but not the exact value for the 
band gap. Another hindrance for using large diameter tubes is disorder which leads to diffusive 
transport through the channel. Such situation can be dealt by using smaller diameter MWCNTs (di-
ameters up to 10 nm) for performing noise studies in channel limited ballistic devices as they pos-
sess structure and properties reasonably close to SWCNTs [6, 7]. In the rest of the paper such tubes 
would be addressed as intermediate sized MWCNTs (IS-MWCNT). 
 
Using IS-MWCNTs with short channel lengths compared to the inelastic scattering length and Palla-
dium (Pd) as the contact metal we can obtain devices showing bal l i s t ic  or  quas i-ballistic 
transport having small or negligible Schottky barriers at the contacts. Pd contacts have been 
proved to form good contacts with the semiconducting nanotube (see e.g. ref. [8]) because of the 
good wetting properties and proper work function. For metallic nanotubes other materials such as 
titanium (Ti) and chromium (Cr) [9, 10] as well as Pd [11] can be used to obtain ballistic behavior. 
For such ballistic devices it is difficult to explain gate behavior of low frequency noise using conven-
tional models and newer approaches such as charge noise model [12] or McWhorter’s model [4, 13] is 
required to analyze their noise behavior. While most of these studies have been done in Schottky bar-
rier [1] and liquid gated [14] SWCNT devices or 2-D graphene transistors [15], noise behavior in 
mainly channel limited ballistic nanoscale transistors have not been studied. In case of quasi-ballistic 
MWCNTs, some noise studies exist [16] however its intrinsic origin noise and gate dependence were 
not studied. For large diameter diffusive MWCNTs several noise studies exist in literature [17-19]. 
 
In this work we investigate low frequency noise in semiconducting IS-MWCNT devices. We obtain 
 
 normalized noise values for the devices to be lower than SWCNTs & MWCNTs and the noise de-
pendence on gate consistent with the charge noise model [12].  In total four different MWCNT de-
vices with tube diameters varying between 3 − 7 nm and the channel lengths between 130 − 570 nm 
were studied. The tubes were highly conductive reaching the ballistic limit [20-22] having the ON 
state resistances in the range of R = 6.2 − 18 kΩ (see table I). I n  g e n e r a l ,  t h e  c u r r e n t  
t h r o u g h  M W C N T  i s  c a r r i e d  o n l y  b y  t h e  t w o  o u t e r m o s t  s h e l l s  [ 2 0 ,  2 3 ]  
a n d  i n n e r  s h e l l s  d o  n o t  h a v e  a n y  c o n t r i b u t i o n  f o r  c o n d u c t a n c e  a n d  t h u s  
n o i s e .  A  rough estimate for the upper limits of the band gaps for our measured tubes can be done 
by measuring the I − V curve at a gate voltage corresponding to conductance minimum and determin-
ing the size of non-conducting region from it [24]. With such kind of an estimate we obtain gap 
values of few tens of meV i.e., well below 100 meV, closer to thermal energy at room temperature 
(25 meV) making the experiments possible only at low temperatures. The devices don't have much 
practical applications as FETs, however they provide important information on noise properties of 
channel-limited ballistic FETs. 
 
2. EXPERIMENTAL 
Fabrication of IS-MWCNT devices: The MWCNT devices were fabricated on top of highly doped 
Silicon wafer covered with 300 nm thick thermally grown SiO2. Nanotubes (MWCNT material from 
collaborating group [25] & Sigma-Aldrich) were mixed into (1,2)-dichloroethane and the suspension 
was spin deposited on the substrate leaving tubes laying randomly on top of the sample surface. 
The tubes were located using AFM (atomic force microscope) and standard e-beam lithography 
steps were used to electrically contact the nanotubes. The contact metal was chosen to be Pd in order 
to improve the contact resistance. Schematic of the measurement setup is presented in figure 1. 
Measurement setup: The transport measurements were performed in a RF-shielded room using home-
m ade dipstick at 4.2 K. The noise measurements were performed by using a current preamplifier 
(Ithaco 1211) followed by subsequent digitization using a NI-DAQ device. The time series was 
further analyzed using MATLAB.  Furthermore, analog low pass filters were used in the measure-
ment chain to remove any aliasing effects. To obtain clean power spectra, background amplifier 
noise was subtracted. Further details of the measurement process can be obtained in ref. [26] and ref. 
[27]. 
 
  
 
   
 
3. RESULTS AND DISCUSSION 
 
Figure 1. (a) AFM image of the typical sample. (b) Schematic drawing of the device. 
Charge traps fluctuate (trapping and detrapping) and can induce a potential barrier affect-
ing the nanotube channel. Also measurement setup is drawn here. (c) Typical gate curve of 
IS-MWCNT device in 4.2 K revealing the gap opening compared to the room temperature 
curve (inset). 
 
In figure 1 we show the transport characteristics (Isd − Vg ) of a typical Pd contacted semiconduct-
ing MWCNT FET at 4.2 K. All devices studied here show a negligible gap in the Isd − Vg charac-
teristics at room temperature but a clear gap emerges on cooling down. The examined devices are 
ambipolar in nature with an ON/OFF-ratio around four orders of magnitude. Considerable oscillations 
in the source-drain current Isd with gate voltage reminiscent of Fabry-Perot type interferences in the 
p-side with oscillations of around (2 – 3) · e2ħ [9] and Coulomb blockade oscillations in the OFF-state 
for the n-side can be observed. Fabry-Perot interferences are a signature of good quality tubes (ballistic 
channel) due to the quantum interference at the contacts. In contrast, Coulomb blockade effects in 
the n-side are a result of weaker contacts perhaps due to larger Schottky barrier between metal and 
conduction band of the tube [9, 28]. Different transparencies for the n- and p-type regions thus exist in 
the MWCNTs.  
 
  
Figure 2. Current power spectrum SI as a function of frequency for tube A at various 
source-drain, Vsd voltages and gate voltages, Vg. (a) Noise spectra following nicely 1/f be-
havior (indicated by the dashed line). (b) Noise spectra revealing lorentzian line shapes. 
The continuous curves are lorentzian fits to the data. 
 
Typical results of the noise measurement ( t u b e  A )  are shown in figure 2. The current power spectral 
density (PSD) of  noise  SI (f )  at  different  values  of  Vg and Vsd are presented. The spectral density was 
found to be a mix of 1/f and two level fluctuations (RTN) for different values of source-drain bias Vsd. For 
some values of Vg and Vsd the spectra can also be Lorentzian (2 (b)) which will be discussed later.  The 
time series of current was recorded in a 250 Hz bandwidth and the PSD of noise was found to have a 
quadratic dependence on the applied bias.  
 
  
Figure 3. (a) Smoothed source-drain current as a function of gate voltage for tube A (dots) 
and exponential fit to the data (red curve). Gate curve is measured with 1 mV source-drain 
voltage. (b) Normalized noise amplitude vs. gate voltage for the same device. Circles are 
the experimental data and solid lines are the fits made by using the charge noise model. (c) 
Inverse of normalized noise vs. |Vg − Vth| in log-log scale for p-side (black dots, Vth = 7 V) 
and n-side (red squares, Vth = 12 V). Solid lines are linear fits to the data revealing two dif-
ferent exponents in the p-side (1.89 & 0.41) and exponent value of 1.12 in the n-side. 
 
Figure 3 (a) shows the transfer characteristics Isd − Vg for tube A of channel length 130 nm and diam-
eter 7.1 nm. The device has an ON-state resistance value of RON = 6.2 kΩ being close to ballistic 
limit. The functional dependence of Isd(Vg ) is exponential in the subthreshold regime for all the 
studied devices indicated by the solid red line for tube A. The device has a subthreshold slope of 
0.8 V/decade in the p-region and 3.1 V/decade in the n-region. The current noise power spectrum (SI (f 
)) of the device was also recorded as a function of the gate voltage. Figure 3 (b) shows the normalized 
noise amplitude (SI /I2) as a function of gate voltage Vg for the same device. The normalized noise has 
been found for all the devices by averaging over 20 − 40 Hz frequency octave.  It can be clearly seen 
from the figure that the normalized noise is minimum in the ON-state and reaches a maximum while 
going up to the subthreshold region (OFF-state). This behavior is quite similar to those reported by 
Lin et. al. [1] for SWCNTs. However, unlike SWCNTs the normalized noise is one to two orders of 
magnitude lower than SWCNTs [1-4] and one order lower than previously studied quasi-ballistic 
MWCNTs [23]. The lower noise in MWCNT-FETs might be owing to larger diameter of the tubes as the 
sensitivity of the current through the CNT channel on individual traps is reduced compared to SWCNTs. 
 
  
We now analyze the gate dependence of noise within the purview of McWhorter model [4, 13] which 
is essentially an interface dominated model.  Here, the noise magnitude is used t o  d i s c r im i na t e  
between carrier-number fluctuations δN and mobility fluctuations δμ by studying its gate voltage 
dependence.   The inverse normalized noise (I2/SI) is studied as a function of |Vg − Vth|2 where Vth is 
the threshold voltage.  For number fluctuations δN , I2/SI =  D |Vg − Vth|2  and I2/SI = D |Vg − Vth| 
for mobility fluctuations. D is a constant given by CgLC/αhe, where Cg, LC, αh and e are the gate ca-
pacitance, channel length, Hooge’s constant and electronic charge, respectively. A log-log plot of 
(I2/SI ) with |Vg − Vth| can provide an approximation of the exponent of |Vg − Vth| as well as deter-
mine the applicability of this model.  From figure 3 (c) it is quite clear from the p-side noise behavior 
that there are two different exponents of |Vg − Vth| i.e., 1.89 ± 0.10 from 1 to 10 V and 0.41 ± 0.15 
above that which is in clear disagreement with McWhorter model. As the transport in the tubes is 
ballistic, number fluctuations can also be ruled out as the origin of noise even though the exponent of 
the low voltage region is close to 2. Disagreement with McWhorter model is also evident in the high 
voltage regime as the exponent of 0.41±0.15 deviates significantly from the expected values. For the n-
side the noise seems to go linearly with |Vg − Vth| with an exponent of 1.12 ± 0.08 pointing towards 
mobility fluctuations as possible cause for producing the fluctuations. However, computing the value 
of D, assuming [2] αh ∼10-2  and other parameters as in Table I,  gives a value of ∼ 10-6 which is 
many orders of magnitude different from the experimentally obtained values of 1.5 × 107 for n-side 
and 5 × 107 for the p-side. The McWhorter’s model which has its origin in Hooge’s law is thus una-
ble to explain the noise data in these devices which is not surprising in this case as the transport in 
the channel is ballistic.  The conclusions are further supported by the independence of the normalized 
noise with the channel length of the devices given in Table I later. 
 
In light of the failure of McWhorter’s model to explain the noise results we analyze the gate de-
pendent noise behavior with the charge noise model as proposed by Tersoff [12] more suitable for 
ballistic devices. In nanoscale FETs, the fluctuations from trap states in the oxide is responsible 
for modulating the quantum transmission of the channel for ballistic transport. The normalized 
noise for charge noise model is generally written as 
 
𝐴𝐼 = 𝛾2𝑆𝑔2 �𝑑𝑙𝑛𝐼𝑠𝑑𝑑𝑉𝑔 �2 + 𝛼𝑐𝐼𝑠𝑑2 ,             (1) 
 
 
 where the first term is the charge noise term in the subthreshold region. In the crucial subthresh-
old region low frequency noise originates from the contact in the Schottky barrier devices or from the 
channel itself in purely channel limited ones. The second term is the noise in the ON-state repre-
sented as a classical series resistor independent from the gate effects  near  the  contacts  having  a  
noise  of  αcIsd2,  where  αc   =  δRc2/Vsd2,  δRc2 being the resistance noise power of the series resistor. 
Parameter Sg describes the device geometry and γ the quality of the gate oxide. In the case of 
Schottky barriers (SB) γ describes the number of charge traps and their proximity to the contact.  
When there is no SBs present e.g. a channel limited CNT-FET, γ represents the fluctuation of max-
imum potential along the channel. We first deduce the charge noise term γ2Sg2(d ln Isd/dVg )2 of 
equation 1 by fitting the experimental Isd(Vg ) data with an exponential function and differentiating 
that analytically. The γSg value for the tube A (in fig. 3 (b)) is 0.5 meV. Note that the fitting has to 
be done separately for p− and n− side in order to get good exponential dependence. This means there 
is a small gap in the data at the truly OFF-state. In order to get a good correspondence to the 
data in the ON-regime as well a second term αcIsd2 has to be added to the charge noise expres-
sion. The second term represents the noisy resistance connected in series to the channel. Using αc as 
another fitting parameter we get excellent fitting throughout the whole gate range. As seen from 
figure 3 (b), the charge noise model accurately explains the noise behavior in the entire region includ-
ing the p- region where the transport is close to ballistic and the higher Schottky barrier n-side. 
 
 
The normalized noise as a function of gate voltage for all the four devices were fitted to the charge 
noise model and the values of γSg extracted from the fits and other parameters are given in Table I.  
The obtained values of the noise parameter γSg extracted for the IS-MWCNT devices is one order of 
magnitude smaller than the values obtained for SWCNTs from Lin’s data (see ref. 12).  The noise 
Table 1. Diameter d, channel length LC, ON-state resistance RON, fitting parameter γSg (p-
side), fitting parameter αc (p-side) and gate capacitance Cg/L per unit length for four meas-
ured devices and one from ref. 1. 
 
 d (nm) LC (nm) RON (kΩ) γSg  (meV) αc  (1/Hz) Cg /L (pF/m) 
Tube A 7.1 130 6.2 0.5 1x104 42 
Tube B 6.0 420 18.4 0.6 5x105 41 
Tube C 3.0 390 15.0 0.3 4x105 36 
Tube D 7.1 570 10.0 0.3 5x104 42 
Ref. 1 1.8 600 ∼ 10 7.0 - 70 
 
 
 parameter γSg is related [14] to the total gate capacitance as γSg ∝ (1/Cg )2Sq , where Sq  is the charge 
distribution fluctuation. The gate capacitance for the tubes can be estimated by considering the ca-
pacitance between a plate and a wire, which have the capacitance per unit length as Cg /Lc = 2πE0Er / 
ln (4h/d), where Er is the dielectric constant, h the thickness of the gate oxide and d the diameter of 
the tube. The capacitance of all devices used in this work and from Lin’s paper is shown in Table I. 
The capacitance per unit length of the SWCNT device is found to be more than twice of MCWNT 
values however they do not vary much among themselves. As the length dependence of total capaci-
tance is Cg ∝ Lc and the charge distribution Sq ∝ Lc due to uniform distribution of fluctuators along 
the channel, the noise parameters should have length dependence as γSg ∝ 1/Lc where Lc is the chan-
nel length. However, we do not obtain any channel length dependence of noise as obtained in liquid 
gated SWCNT devices [14] and graphene transistors [29]. In these works the length of the channel 
was varied sufficiently going up to the diffusive regime. However, as the scope of the charge noise 
model is limited to ballistic transport regime only we carried out the experiments only for tubes with 
short channel lengths. 
 
Figure 4. RTN signals of nanotube A in different gate and source-drain voltages. The data 
shows random and independent configuration of RTN in respect to Vg and Vsd. RTN in (a) 
on-state (p-side) (Vg = −24 V and Vsd = 63 mV), (b) closer to subthreshold region (Vg = 
 
 −15 V and Vsd = 40 mV), (c) subthershold region in n-side (Vg = 15 V and Vsd = 40 mV) (d) 
ON-state (n-side) (Vg = 24 V and Vsd = 100 mV). 
 
The validity of the charge noise model can also be checked by studying the random telegraph 
signal noise (RTN) obtained for the CNT-FETs. RTN is common in SWCNT devices and have been 
studied both experimentally [30] and theoretically [31] whose origin is attributed to the trapping and 
detrapping of charges in the oxide.  However in some earlier studies the origin of RTN for large 
diameter MWCNTs has also been ascribed to fluctuations from the contacts [19].  Usually RTN is 
characterized by a lorentzian [32, 33] power spectra (SI (ω)  = 4I2τeff2/(1 + ω2τ2) and a characteristic 
time given by 1/τ1 + 1/τ2, where τ1 and τ2 are the capture and emission times respectively. The 
characteristic time reduces exponentially with applied bias [34]. At high bias the spectra thus 
shows an evolution from the lorentzian to 1/f type.  However, for all the MWCNT devices studied 
in this work, the experimental results point to no particular Vsd or Vg dependence of RTN. In figure 4, 
we plot a few typical RTN at four random Vsd and Vg values for the tube. It can be clearly seen from 
the figure that the current variation varies between 0.5−5 % which is similar to RTN values obtained in 
conventional silicon MOSFETs but lower than SWCNTs where values as high as 50 % have been 
reported [31] which can persist even in the ON-state. The presence of RTN in the ON-state is also 
present for the IS-MWCNTs devices studied here as illustrated in figure 4 (a) and (d). The noise be-
havior in IS-MWCNTs is qualitatively similar to SWCNTs though with lower noise magnitude which 
is understandable as SWCNTs have smaller diameters and are thus more sensitive to RTN effects than 
larger diameter MWCNT devices. The modulation of transmission probability in ballistic IS-
MWCNTs is thus quite similar to that in ballistic SWCNTs implying strong oxide trap modulations 
pointing towards the applicability of charge noise model. 
 
4. CONCLUSION 
In conclusion, we have presented the low frequency noise properties for intermediate sized ballistic sem-
iconducting MWCNT-FETs. The gate dependence of low frequency noise in these devices can be bet-
ter described using a charge noise model instead of the more traditional McWhorter’s model. Our 
experiments point towards the fact that the crucial factor for lowering/optimizing noise properties 
of ballistic FETs is by controlling the diameter of tubes and the quality of gate oxide. It is imperative 
that a fully suspended structure with vacuum as dielectric would result in better low noise transis-
tors. These findings have important implications to the noise literature of carbon nanotubes bridg-
ing the gap between SWCNTs and large MWCNTs and to the noise properties of ballistic na-
noscale transistors in general.  
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